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Abstract. The dynamics of global Pc5 waves during the the main source of Pc5 pulsations is the Kelvin—Helmholtz
magnetic storms on 29-31 October 2003 are considered usnstability (KHI) of the magnetopause engulfed by the so-
ing data from the trans-American and trans-Scandinaviadar wind (SW) flow (Yumoto and Saito, 1980; Kivelson and
networks of magnetometers in the morning and post-noorPu, 1984). Beside KHI, another shear flow instability — simi-
magnetic local time (MLT) sectors. We study the latitudinal lar to the hydrodynamic Miles—Phillips instability — may de-
distribution of Pc5 wave spectral characteristics to determinevelop at the magnetopause, and even under lower SW veloc-
how deep into the magnetosphere these Pc5 waves can exteitg than the KHI. The Miles—Phillips instability is caused by

at different flanks of the magnetosphere. The wave energyonlinear ponderomotive wave generation, and its develop-
transmission mechanisms are different during 29—30 Octobement is determined by the flow velocity profile and flow tur-
and 31 October wave events. Further, we examine whethebulence (Kurazhkovskaya and Klain, 2012; Potapov, 2013).
the self-excited Kelvin—Helmholtz instability is sufficient as These notions are based on the well-established statistical
an excitation mechanism for the global Pc5 waves. We sugfact of strong growth of Pc5 intensity with the increase of the
gest that on 31 October a magnetospheric magnetohydrodysW velocity (Engebretson et al., 1998; Mathie and Mann,
namic (MHD) waveguide was excited, and the rigid regime 2001; Pahud et al., 2009). Typical Pc5 waves are predomi-
of its excitation was triggered by enhancements of the sonantly observed at auroral latitudes in the morning LT hours,
lar wind density. The described features of Pc5 wave activthough the SW flow is probably the same at both flanks of
ity during recovery phase of strong magnetic storm are tothe magnetosphere. The reason for this asymmetry has not
be taken into account during the modeling of the relativistic been found yet. Sudden jumps of the SW pressure (e.g., dur-
electron energization by ultra-low-frequency (ULF) waves. ing Sl, SSC, DPI, etc.) may be an additional source of tran-

Keywords. Magnetospheric physics (MHD waves and in- sient 3¢5 oscillations. Moreover, there were indications that

stabilities; storms and substorms) — space plasma physics (kfﬁ Ie_ast_ Some P_C %_p L_J|Sa:cI0|:S g\rls forced OSC'II‘?‘“Q”S CaKu Sel? by
netic and MHD theory) the intrinsic periodicity of the pressure variations (Kepko

etal., 2002; Kessel et al., 2004). In addition, magnetospheric
pulsations in the Pc5 frequency band can be effectively ex-
cited by fluxes of energetic protons with non-Maxwellian
1 Introduction: mechanisms of Pc5 wave excitation distributions in energy or space (see references in review by
Pilipenko, 1990). However, the latter oscillations are small
Geomagnetic ULF (ultra-low-frequency) Pc5 waves (typical scale in the direction across the geomagnetic field, and they

periods of about few minutes) are a persistent component of re nearly totally screened by the ionosphere from ground
disturbed magnetosphere. Traditionally it was supposed that
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320 J. Marin et al.: Global Pc5 pulsations during strong magnetic storms

magnetometers. During magnetic storms all possible SWmagnetic storm (Dst —300 nT) driven by the SW with ve-
drivers of magnetospheric Pc5 pulsations are to be strongljocity up to 1400 kms?t, very intense Pc5 waves with am-
activated; therefore, these periods are of special importancplitude ~400nT were observed at unusually low latitudes
for the understanding of Pc5 wave generation mechanisms. L ~ 4 (Lee et al., 2007). Moreover, they experience an addi-
The dynamics of waves during magnetic storms is ob-tional enhancement near the geomagnetic equator, especially
served to be closely related to that of particles, and vari-near noon. However, this enhancement was observed not for
ous kinds of interrelationships can occur. In particular, ULF every Pc5 spectral harmonic.
waves in the Pc5 band have emerged as a possible energy Global Pc5 pulsations occur during the recovery phase of
reservoir for relativistic electrons following some geomag- magnetic storms when interplanetary magnetic field (IMF)
netic storms (Elkington et al., 1999; Shprits et al., 2008). 1t Bz is northward, when the energy flux from the SW into the
may be expected that intense Pc5 waves are able to produeceagnetosphere due to the reconnection of IMF and magneto-
a significant radial diffusion of energetic particles and canspheric magnetic field is suppressed. During these intervals
be an effective driver of electron acceleration. Any adequatethe excitation of global Pc5 wave activity can become a sig-
models of relativistic electron dynamics should incorporatenificant channel of the wave energy transfer from the SW into
realistic information about the ULF wave characteristics dur-the magnetosphere (Potapov et al., 2009).
ing magnetic storms. In this paper we consider global Pc5 pulsations during
One of the main difficulties in applying Pc5-driven dif- the recovery phases of the strong magnetic storms on 29—
fusion/energization mechanisms to electron dynamics is th&1 October 2003. Though the basic Pc5 wave features dur-
mismatch of their latitudinal distribution: electron energiza- ing these storms have been described (e.g., Kleimenova and
tion starts in the middle magnetosphere~ 3—4), and then  Kozyreva, 2005; Pilipenko et al., 2010), in contrast with pre-
expands to higher latituded. (~ 6—7), whereas typical Pc5 vious papers we pay more attention to the mid- and low-
waves are strongly localized at sub-auroral latitudes andatitude features of these waves. These observations raise, in
hardly can be detected at middle latitudes. However, there areur opinion, many important questions about the possible ex-
indications (Sakurai and Tonegawa, 2005; Lee et al., 2007}itation mechanisms of Pc5 magnetic pulsations during mag-
that Pc5 waves during strong magnetic storms can extend toetic storms.
unusually low latitudes, though the cause of this difference
in latitudinal structure is still unknown. ] .
The latitudinal localization of typical Pc5 waves is be- 2 Observational facilities
lieved to be caused by Alfvén field-line resonance. The
specific frequency-dependent amplitude and phase latitudi
nal structure predicted by field-line resonance theory indee
was revealed by magnetometer and radar observations (e.

Walker et al., 1978). In general, it is still unclear whether the . red &i qf h lintic ol
pulsations during strong storms are physically the same aglre_c ed sunward; 1S upward from the ec'lp IC plane, a@d.
common Pc5 waves. The most intense Pc5 waves. with am'S directed to dusk, opposite to the Earth’s planetary motion.

plitudes exceeding by an order of magnitude those of Cc)m_Under the typical configuration of the IMF Parker spiral, the
omponentsB, andB, are of opposite signs. For highly dis-

mon Pc5 pulsations, are observed during the recovery phas% : Y : X
of severe magnetic storms (Trivedi et al., 1997; Kleimen-*(r:bEe/dor\)ﬂe'\rI'IOds’ th_e h_|gh-rezolut||o? (1m|n)|plt{asmaodaFa from
ova and Kozyreva, 2005). These anomalously strong pul- CE dat are mlllsstl)r:g, and only low-resolutiory @0 min)
sations are referred to as global Pc5 pulsations (Potapov éot‘ ata are avaliable.

al., 2006) because they were observed simultaneously in thet Lc')ﬁdesctrl::l)e tl?e r?;jr:al structutre OL magrt?['t;c d¢st:1rbap|ces
morning and evening sectors over a wide range of latitudes! GMErent flanks ol the magnetosphere, 1atitudinal protiies

Their amplitude is comparable to the amplitude of moderatehave been comp_iled_ along the following geomagnetic long-
udes (see map in Fig. 1):

substorms, and their intensities at geostationary orbit reacﬁ
~50% of the magnetospheric field. Global Pc5 pulsations  _ 33¢> meridian (noon at- 18:30 UT) composed from

are closely associated with high-speed SW streams (HSSs):  cARISMA/CANMOS stations, augmented by se-
during 1991-2005 when the Earth was submerged into HSSs  |acted INTERMAGNET stations. This profile has a

The interplanetary parameters are characterized by magnetic
nd plasma data from the 1 min time shifted OMNI database,
nd data from the interplanetary ACE satellite. IMF compo-
ients are given in the GSE coordinate system:tlais is

(V > 800kms™) with duration more than 6h, in-80% good station coverage at auroral latitudes, but stations
of events global Pc5 waves were detected (Potapov et al., are rare at low latitudes:

2009). Apart from exceptionally high amplitudes, global Pc5

pulsations have a number of other features that differenti- — 360° meridian (noon at-16:30 UT) composed from
ate them from common Pc5 pulsations. The decay of ULF MACCS and CANMOS stations, augmented by con-
wave power from auroral to low latitudes is much more grad- jugate projections of selected SAMBA array stations

ual for global Pc5 than for common Pc5 (Kleimenova and (VLD, SER, PUT) and INTERMAGNET station HUA
Kozyreva, 2009). For example, during the 24 March 1991 (marked with asterisk in Table 1). This profile has a

Ann. Geophys., 32, 319331, 2014 www.ann-geophys.net/32/319/2014/
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good station coverage at low latitudes, but few stations ~ °C -
at auroral latitudes:

. _ Fig. 2. The space weather parameters during three subsequent
— 110 meridian (noon at-09:00 UT) composed from  giorms 29-31 October: SW velocity, density N, vertical IMF

IMAGE magnetometers, augmented by INTERMAG- components;, IMF B, and By components, SYM-H index, AE
NET stations, covers all latitudes from auroral region index, and ULF index.

towards the equator.

The data have been decimated to the common time cadence 06:10 UT. Low-resolution ACE data show that the SW
of 1 min. The geomagnetic coordinates of all stations fromcondition was stable ~ 103kms1, N ~ 1-2cnt3) till
these profiles are given in Table 1. ~16:00 UT, when new SW ejecta has arrived. During the re-
To examine the azimuthal propagation pattern of Pc5covery phase of the 31 October storm the SW velocity was
waves in the morning and afternoon sectors, we have formegery high, just gradually decreasing from1200 km s to
a longitudinal profile atb ~ 65° from selected stations with  ~ 9ookms?.
a higher sampling frequency from arrays IMAGE (sampling  The ULF wave activity occurred during certain time peri-
period 10s), CARISMA (5s), and SAMNET (5s): IVA— ods, as evidenced by the ULF wave power index (Kozyreva et
KIR-HLL, and FMC-DWS (Fig. 1; Table 1). al., 2007) (Fig. 2, bottom panel). To characterize the global
pattern of ULF wave activity, we use 1 min data from the
INTERMAGNET array and compose a longitudinal pro-
file along the CGM latitud® ~ 65° TIX-DWS-FMC—ISL-
During the 2003 “Halloween storm”, the superposition "BQ-NAQ-SOD. The global structure of magnetic distur-
of three extremely large magnetic storms occurred withPance and ULF activity is visualized with stacked magne-
intensity [Dst ~ 180nT on 12:00UT, 29 October (day tograms from this longitudinal profile (Fig. 3):
302); |Dst| ~380nT on 24:00UT, 30 October (day 303);
and |Dst| ~400nT on~00:00UT, 31 October (day 304)
(Fig. 2). These storms produced very intense auroral dis-
turbances with the auroral electrojet (AE) index exceed-
ing 3000 nT. The onset of this series of storms was caused
by an extremely fast coronal mass ejection with the veloc-
ity > 1000kms?®. A strong shock arrived on 29 October,

3 The event of 29-31 October 2003

— On 29 October (Fig. 3a) intense Pc5 waves were ob-
served both in the pre-noon sector (Canada) and post-
noon (Scandinavia), with the power suppressed near
noon (Greenland).

www.ann-geophys.net/32/319/2014/ Ann. Geophys., 32, 3391 2014



322

J. Marin et al.: Global Pc5 pulsations during strong magnetic storms

Table 1. The coordinates of stations from the latitudinal profiles used in this study. Asterisks denote conjugate projections to the Northern

Hemisphere.

Station Code Geographic Geomagnetic  Noon
Lat. Long. Lat. Long. (UT)

Array A ~ 11
Nord NRD 81.60 343.33 80.9 105.8 09:17
Ny-Alesund NAL 78.92 11.95 76.1 112.2 09:11
Hornsund HOR 76.97 15.47 74.0 110.5 09:18
Bear Island BIJN  74.50 19.20 71.3 108.7 09:25
Soroya SOR 7054 2222 67.2 106.7 09:33
Ivalo IVA 68.70 27.30 64.8 110.1 09:19
Sodankyla SOD 67.37 26.63 63.8 107.7 09:29
Oulu OuUJ 64.52 27.23 60.9 106.5 09:33
Hankasalmi HAN 62.30 26.65 58.6 105.0 09:44
Lovoe LOV 59.34 17.82 55.7 97.0 10:12
Belsk BEL 51.63 20.79 474 96.7 10:13
Qsaybeh QSB  33.90 35.6 275 107.4 09:30
Addis Ababa AAE  09.03 38.77 522 111.4 09:14
Abisko ABK  68.35 18.82 65.2 102.3 09:24
Array A ~330°
Taloyoak TAL 69.54 266.45 79.7 323.6 19:05
Baker Lake BLC 64.32 263.99 742 326.4 1854
Rankin Inlet RAN 62.80 267.67 73,5 333.8 18:24
Eskimo Point EKP 61.10 265.93 719 328.7 18:45
Fort Churchill FCC 58.79 265.91 69.8 329.0 18:44
Gillam GIL 56.85 265.58 67.2 3311 18:35
Island Lake ISL 53.88 265.32 64.9 3295 18:42
Pinawa PIN 50.20 263.96 60.74 329.9 18:40
Del Rio DLR 29.50 259.08 38.9 3248 19:00
Array A ~ 360°
Igaluit IQA  63.75 291.48 73.2 1447 1542
Poste de-la-Baleine  PBQ 55.28 282.25 66.1 359.0 16:47
Ottawa OTT 45.40 284.45 59.3 359.1 16:43
Fredericksburg FRD 38.20 282.63 50.4 355.6 16:57
Valdivia* VLD 14.47 285.54 25,6 359.6 16:41
La Serena* SER 05.25 287.06 16.5 359.8 16.39
Putre* PUT  18.33 290.50 8.0 357.8 16:34
Huancayo* HUA 12.05 284.67 1.7 356.6 16:55
Longitudinal profile at® ~ 65°
Kiruna KIR  67.84 20.42 64.6 103.1 09:47
Hella HLL 63.77 339.44 64.5 68.4 12:04
Fort McMurray FMC 56.66 248.79 64.7 309.1 20:12
Dawson DWS 64.05 220.89 65.9 269.9 22:35

— On 30 October (Fig. 3b) a more typical Pc5 wave pat-

tern was observed: Pc5 activation was observed from
~10:30 UT till ~ 16:00 UT, and in the morning sector
only (Canada), whereas in the post-noon hours (Scan-
dinavia) Pc5 wave activity was weak.

Ann. Geophys., 32, 319331, 2014

— On 31 October (Fig. 3c) a global intensification of the
Pc5 ULF wave activity was observed during 11:00—
14:00 UT. Pc5 pulsations were observed throughout
both flanks of the magnetosphere, from early morn-
ing hours up to pre-noon hours and from post-noon to
midnight hours.

www.ann-geophys.net/32/319/2014/
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3.1 Global spatial structure of Pc5 power

The intensity of Pc5 waves is strongly dependent not only on
magnetic local time (MLT) but also on geomagnetic latitude
@ as well. Therefore, a visual inspection of magnetograms
from a ring of stations at certain latitude is not sufficient. For
a more comprehensive analysis, we have calculated a “snaj
shot” of a 2-D L-MLT distribution { = 1/cog ®) of the
wave power in the Pc5 band from all available INTERMAG-
NET stations for an hour-long time interval during the peri-
ods of maximal ULF activity: 12:45-13:45UT on 29 Octo-
ber (Fig. 4a), 11:30-12:30 UT on 30 October (Fig. 4b), and
11:00-12:00 UT on 31 October (Fig. 4c). The technique of
2-D maps of spectral power is described in Kleimenova and
Kozyreva (2005). These maps evidently demonstrate that Pc
activity during 30 October 2003 is concentrated mainly in the
morning hours aL. ~ 7, as might be expected for typical Pc5
waves. However, the Pc5 activity during 29 and 31 October,
beside the common morning activity center, has an additiona
wave power “epicenter” in the post-noon hourd.at 5 and

L ~ 7, correspondingly.

The cause of the additional post-noon activation of Pc5
waves may be related to the different orientation of the IMF
during those days (Fig. 2). On 30 October the typical ori-
entation of IMF corresponds to the Parker spiral: Bx and
By components are of opposite signs. However, during 2¢
and 31 October the IMF is strongly disturbed and its orienta-
tion corresponds rather to an “anti-Parker” spi @nd B,
components are of the same signs) — that is IMF intersects a
afternoon flank of the bow shock, but not a morning flank.

3.2 Latitudinal spectral power structure and azimuthal
propagation of global Pc5 waves

Penetration of Pc5 pulsations towards lower latitude during
this storm poses a question about possible mechanisms. W
have examined the latitudinal variations of the Pc5 ampli-
tude along latitudinal profiles 36033C°, and 110, when

those profiles are in the MLT sector with a maximal Pc5 ac-
tivity. We concentrate on the 31 October event with an atyp-
ical two-peak longitudinal structure of Pc5 wave power. Lat-
itudinal distributions of spectral amplitude at a selected fre-

al.: Global Pc5 pulsations during strong magnetic storms
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330 360 100
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Fig. 4. The “snapshot” of 2-D distribution in coordinates MLT-L

quency during Pc5 intensification on the morning and post-of Pc5 wave powerX component) for 1 h time intervals during the

noon flanks turn out to be different.

In the post-noon sector (profile 1)0the highest spectral
power is observed during 11:00-13:00 UT fat- 2.7 mHz
and~ 3.7 mHz (Fig. 5a). The latitudinal distribution of am-
plitude at both frequencies has a wide maximum concen
trated betweerl ~ 3 andL ~12. A secondary peak is ob-
served at lower latitudesp ~ 56.5, separated by a local
minimum at® ~ 59°.

In the morning sector (profile 33Pa narrow latitudinal
maximum can be seen dt~ 7 (Fig. 5b). The latitudinal
structure of spectral power gt~ 2.5mHz and~ 4.2 mHz
demonstrates a nearly exponential decay from hige%°)

Ann. Geophys., 32, 319331, 2014

periods of maximal ULF activity: (1) 29 October, 12:45-13:45UT

in the band 2.2-5.0mHz, (2) 30 October, 11:30-12:30UT in the
band 1.5-3.5 mHz, (3) 31 October, 11:00-12:00 UT in the band 2.2—
5.0 mHz, as observed at worldwide array of magnetometers (1 min
time cadence). White dotted lines denote the location of geomag-

netic meridians 119 33, and 360.

to low (~ 15°) latitudes. The 360profile shows that at low
latitudes Pc5 wave activity experiences an additional en-
hancement of the spectral powerdat 50° upon approach-
ing the equatorial region (Fig. 5d).

www.ann-geophys.net/32/319/2014/
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Fig. 5. The latitudinal distribution of Pc5 pulsatiof/(component) amplitude and phase on 31 October, 11:00-12:00 UT, along the latitudinal

profiles:(a) 110, (b) 330C°, and(c) 360°. Upper panels show amplitude spectra, middle and bottom panels show the latitudinal dependence
of spectral amplitudes and phases at selected frequencies.

The central frequency of Pc5 waves varies from storm toapparent poleward phase propagation. This feature is char-
storm, but the frequencies of morning and post-noon waveacteristic of Alfvén field-line resonance.

power maxima are nearly the same.

In the afternoon sectorA(~110(°) in the region of the

In order to identify the mechanism of latitudinal enhance- high-latitude maximum of Pc5 power(63°-67), the phase
ment of ULF wave power (e.g., cavity mode, Alfvén field- does not depend on latitude. Thus, this maximum cannot be
line resonance, surface mode) besides an amplitude distribuassociated with the field-line resonance, as was indicated by
tion, the latitudinal structure of phase should be examinedKleimenova and Kozyreva (2005). Such a wide amplitude
The phase latitudinal structures during the 31 October evenpeak is hard to associate with a localized surface mode (Nen-

along the afternoon and morning profiles are shown in theovski, 2007). Probably, this maximum is related to a mag-
bottom panels of Fig. 5a and b.

In the morning sectorA ~ 330) in the region with nar-
row amplitude peak @ ~67°), the latitudinal phase de-
pendence has a gradiemi¢ ~ 60°), corresponding to an

www.ann-geophys.net/32/319/2014/

netospheric waveguide excitation. In the region of minimal

amplitudes,~ 58-62, the phase experiences a reversal by

~ 18C°. This region may be associated with a node of the

waveguide mode. The additional enhancement of Pc5 am-
plitude at lower latitudes;-57°, may be related to another
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31.0CT 2003 X AP during SC is described by an empirical relationship
R A AH /AP ~ 20 (Shinbori et al., 2009), whereas for Pc5 ex-

- ) lKvlgi 212 1;21; citation with amplitudeA H ~ 400 nT by SW pressure varia-
_ HLL(645°, 68.4) tionsA P ~ 4 Pa, this ratio is about order of magnitude larger,
! namelyAH/+/AP ~ 200. The spectra of the SW pressure
£ 0 { _ DWS(66.0°, 271.2%) fluctuations and magnetospheric Pc5 waves are different (not

shown). Much larger response of magnetospheric oscillatory
response during magnetic storm confirms the proposed con-
ception of the triggered excitation of the magnetospheric sys-
tem near the instability threshold.

-200

TIPS S A S S SO S | PO SO O D DU D
11 1108 1116 1124 11.32 1140 1148 1156
ut

Fig. 6. The detrended magnetogram& gomponent) of global 5 Discussion
Pc5 waves recorded by longitudinal profiledt- 65°: IVA (A =
110.P) - KIR (A=103.) -~ HLL (A =68.4) — FMC (A = Long-period ULF oscillations of geomagnetic field lines can
306.9) — DWS (A =271.2) during the time interval 11:00- pe excited either by large-scale sources, such as a bound-
12:00UT. ary layer shear velocity instability, jumps or quasi-periodic
variations of the SW pressure, or small-scale sources such
as fluxes of energetic particles. Differences in generation
sources are expected to be revealed in the difference between
During the time interval with largest Pc5 activity (11:00— each mode’s trang\{erse spatial structures, polarizatiqn, and
12:00UT), even a visual comparison of magnetograms ( propagaﬂon velocities. Large—scale sources predpmlnantly
component) (Fig. 6) shows westward propagation both in theex.cIte magnetohydrodynamic (MHD) oscﬂlaﬂons with large
morning and afternoon sectors. This result is supported b Z'mUthal scale, or Smah wave numbers, which can ef- .
the cross-correlation of the band-filtered 2.6-3.2 mHz mag_fectlvely_penetrate mtp th_e Inher magnetgsp_here._ Upon t_he|r
penetration MHD oscillations excite Alfvén field-line oscil-

netograms, which gives characteristicvalues in the after- . :
lations at a resonant magnetic shell. These wave are ex-

noon sector (IMAGE)z ~ 1.0-2.1 and in the morning sector . . —
(CARISMA) m ~0.3-0.5 pected to propagate in the same azimuthal direction as the

SW flow — that is anti-sunward. Energetic particles with non-

Maxwellian distributions over velocities or space generate
4 Triggering of the Pc5 wave activity small-scale (i.e., is > 1) field-line oscillations. These os-

cillations are to propagate in the same azimuthal direction
Let us consider in greater detail the storm on 31 Octoberas the relevant particle drift (i.e., westward if generated by
when the high-resolution plasma density from the interplane+ing current protons, or eastward, if generated by energetic
tary monitor ACE became available. During this day the SW electrons).
velocity was very high all the time, just gradually decreas- These seemingly well-established notions are challenged
ing from~ 1200 km st to ~ 900 km s'. Despite this seem- by global Pc5 pulsations during strong magnetic storms.
ingly favorable condition for KHI, Pc5 wave excitation has The consideration of Pc5 events under study raises some
been observed during certain time intervals only, coincidingimportant questions about the physical nature and genera-
with bursts of SW dynamic pressure (Fig. 6). The enhancetion mechanisms of these pulsations. The global spatiotem-
ments of SW pressur& P exhibit significant quasi-periodic  poral dynamics of Pc5 pulsations during magnetic storms
fluctuations in the period range from a few to 10 min. Com- 28-31 October 2003 was considered by Kleimenova and
parison of theA P variations withH component pulsations Kozyreva (2005, 2009) and Pilipenko et al. (2010). Those
at 110 profile (station ABK) shows their similar dynamics in observations and current study have noticed several uncom-
time. Thus, though the SW velocity was high all the time dur- mon, and still not well-understood, features of global Pc5
ing this event, enhanced Pc5 activity was observed only durwave activity during this storm:
ing periods of elevated irregular SW density. In other words,

anti-node of a standing waveguide mode, or an Alfvén field-
line resonance.

global Pc5 waves were triggered by bursts of SW dynamic - the wave intensity was about an order of magnitude
pressure. larger than that of typical Pc5 pulsations.
In order to highlight the difference between the possi-
bly triggered excitation of the magnetospheric system and — global Pc5 waves substantially intensified both at the
the forced response to an external impact, we compare morning and post-noon flanks of the magnetosphere
the global Pc5 wave event under consideration with the during the recovery phases of the 29 and 31 Octo-
sudden commencement (SC) pressure pulse. Typical mid- ber storms; however after the 30 October storm waves
latitude magnetic respons&H to the SW pressure jump were observed at the morning flank only;
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— the latitudinal structure of Pc5 waves in different MLT . 31.10.2003
sectors is different: on 31 October in the morning sec- 54, W%W“ v

tor maximal intensity { ~3 mHz) was observed in
a latitudinally narrow region aroundt 62°, whereas
in the post-noon sector very intense Pc5 waves were
observed throughout a wide region from50° to

~ 7. The large latitudinal scale of global Pc5 pul-
sations { 9°) resists interpretation based on the idea
of Alfvén field-line resonance or surface mode (Nen-
ovski, 2007) excitation, because those mechanisms
provide latitudinally localized wave structures. More-
over, in this sector typical features of resonant struc-
ture (latitude-dependent spectral peaks and phase gra-
dient) were not revealed.

GIL( 67.2°, 331.1°)

An important aspect of plasma dynamics at the magnetic
storm recovery phase, when the outer plasmasphere refilling
occurs, is the intrusion of cold Heand G+ ions. This ef-
fect increases by over an order of magnitude the total ion
mass density as compared with that determined fdrm
ions only. Correspondingly, the Alfvén velocity significantly o1 05 09 13 17
decreases, which may even completely suppress the increase v

of the Alfvén frequency across the plasmapause (Fraser et algig 7. comparison of simultaneous variations of the SW velocity
2005). The low-latitude peak of global Pc5 amplitude during v [km s=1], dynamic pressur® [nPa] as measured by ACE (time
the 24 March 1991 storm dt ~ 3.6—4.3 was shown to be shifted by 26 min), and¢ component [nT] at ABK (119 profile)
caused by Alfvén field-line resonance At~1.7-2.8mHz  during time interval 31 October, 01:00-17:00 UT.
(Lee et al., 2007). The unusually low frequency of Alfvén
field-line oscillations at such low latitudes was supposed
to be caused by the overwhelming abundance &fions,
driven into the magnetosphere from the ionosphere. During
the storm period under examination, one should also expect
a significant modification of the magnetospheric plasma by
intrusion of heavy ions, resulting in a much reduced Alfvén
velocity throughout the magnetosphere. Thus, the decay rate during 31 October event is more than
While common Pc5 pulsations are localized at auroral lat-30 times smoother than during other days. A small value of
itudes, global Pc5 waves can be observed deep in the mag® during this event indicates that the Pc5 mode is not an
netosphere. It is still uncertain what the condition and waveevanescent surface-like mode, but is due to a different wave
energy transmission mechanism is. What is the cause of Pclsansmission mechanism.
observation at middle and low latitudes: is it just that pul- In our opinion, during the 31 October event the high-
sations are more intense during magnetic storms, or is théatitudinal maximum of amplitude is due to an MHD waveg-
rate of latitudinal decrease of amplitude different? The lati-uide mode, trapped between the magnetopause and the
tudinal profiles of spectral power enable one to answer thigslasmapause or Earth. The frequency of waveguide modes is
question. The spatial decay rate from the peak valyet  determined by the quantization conditibaL x ~ mn, where
latitude ®,, to lower latitude station ab; having amplitude Ly is the radial scale of the waveguide. Estimate of the fun-
A1 has been approximated by the exponential function aslamental quarter-wavelength modfe~4 Lx/Va matches
= —In(Al/A(,)/AcD, whereA® = ¢,—d;. According to  the frequency of global Pc5 pulsations2.7 mHz, assum-
this estimate, the decay rate is as follows: ing Lx ~5Rg andVa ~400kms L. An additional spectral
peak revealed by spectral analysi8.7 mHz may be a sec-
— for the 29 October event along the Tiprofile be-  ond harmonic. In such an inhomogeneous system as the mag-
tween®, =60.9 and®; =56.6 I' ~0.37 for f =  netosphere, it is difficult to expect that eigenoscillations are
3.8 mHz; to be equidistant. The low magnitude of the Alfvén velocity
is due to the dominance @b+ ions in the magnetosphere
— for the 30 October event along the 33profile be-  during the recovery phase of strong magnetic storms. The
tween®, =67.2 and®1 =60.7 I ~0.30 for f = phase reversal near the local latitudinal minimum of global
2.7mHz; Pc5 pulsations on 31 October (Kleimenova and Kozyreva,

500. nT

ABK( 65.0°% 103.3%)

— during the 31 October event, along t1profile be-
tween ®, = 66.1° and ®; =58.6 for f =2.9mHz
I ~0.09.
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2005) can be related to the node in the radial structure of theonsidered here, one can see that this condition, though nec-
waveguide mode. essary, is not sufficient: Pc5 excitation has been evidently

It is hard to imagine that the equatorial region with el- stimulated by SW density bursts. Indeed, during all storms
evated Cowling conductance narrowed in the ban2-5 V was very high, but Pc5 pulsations occurred on 31 Oc-
can produce a Pc5 wave enhancement starting frab0® tober only during specific time intervals, triggered by SW
latitude (Fig. 5¢). An alternative explanation may be relateddensity fluctuations. In our opinion, the possibility of trig-
to the compressional waveguide mode transmission towardgered Pc5 wave excitation is related to the qualitative dis-
the equatorial ionosphere. Upon reflection from the iono-tinction in regimes of the SW plasma flow around the magne-
sphere, a node for radial plasma displacement and anti-nod®sphere boundary under moderate and high SW velocities.
of compressional component is to be formed in this regionUnder moderaté’, unstable oscillations are localized at the
(Takahashi et al., 1995). This structure is reflected in themagnetosphere—magnetosheath interface, and decay expo-
ground latitudinal structure of thd component with a peak nentially inside the magnetosphere. These oscillations do not
at the equator. The surprisingly deep penetration of globalrow to large amplitudes because they are convected rapidly
Pc5 wave power to low latitudes is probably related to theby the SW flow into the magnetotail region. Under high
difference of Alfvén velocity radial structuréa (L) during conditions the magnetosphere—magnetosheath boundary be-
moderately disturbed conditions and strong magnetic stormscomes over-reflecting; that is, magnetospheric MHD modes
During moderate geomagnetic activity, the reflection point ofare amplified upon reflection from this moving boundary
the waveguide mode is in the vicinity of the plasmapause,(Mann etal., 1999). In this case, growing disturbances are not
where a steep gradient ¥k (L) occurs. During strong mag- oscillations localized at the boundary, but oscillations of the
netic storms, probably due to the significant contribution of entire MHD waveguide (Wright, 1994; Mazur and Chuiko,
oxygen ions into the magnetospheric plasma content, thi2013). In a realistic inhomogeneous magnetosphere, MHD
gradient is smoothed and the reflection point shifts into thewaveguide modes are to be inevitably coupled to localized
upper ionosphere. Alfvén oscillations. The conversion rate of waveguide mode

For various wave events during this storm ,simultaneousenergy into resonant Alfvén oscillations depends on the az-
Pc5 wave excitation occurs not just on the morning side, buimuthal wave number, and the radial profile of the Alfvén
in the post-noon sector as well. In our opinion, the cause ofvelocity (Walker, 2000). Therefore, the relative amplitude of
the different magnetospheric responses may be related, d&calized latitudinal peak of the wave amplitude owing to
least partially, to the different orientation of the IMF dur- Alfvén resonance may differ from event to event depending
ing those days. On 30 October the typical IMF orientation on the actual radial profile of the Alfvén frequency in the
corresponds to the Parker spiral. Owing to this orientationmagnetosphere.
the essential part of the morning flank corresponds to the During the event under study, the rigid regime of the
regime of the quasi-parallel shock favorable for an enhancedvaveguide excitation is realized, for which finite-amplitude
level of magnetosheath turbulence (Shevyrev and Zastenkeinitial disturbances are necessary. The necessary distur-
2005). However, during 29 and 31 October the IMF was bances are produced by SW plasma variations. SW buffeting
strongly disturbed and its orientation corresponds to an antican produce a seminal MHD disturbance with a wide spec-
Parker spiral. For these events an enhanced level of magnérum of frequencies and wave numbers. Further, largtis-
tosheath turbulence is to be expected on the dusk flank of theurbances having a large group velocity are convected rapidly
magnetopause. Our observations conform with the statistifrom the MHD waveguide, whereas smalldisturbances re-
cal analysis of low-latitudel{ = 1.6) observations (Villante main for a longer time and grow to high amplitudes.
et al., 2001), which showed that enhancements of spectral
power at discrete frequencies in Pc5 band were especiall$.1 Dynamics of magnetospheric particles and global
evident at afternoon hours during high SW pressure condi- Pc5 activity
tions. They interpreted an elevated intensity of Pc5 activity
in the post-noon region that co-rotating SW structures im-Here we briefly summarize the features of the relativistic
pinge on the magnetosphere more frequently on the postelectron behavior during the magnetic storm under consid-
noon side. During the considered event, the double-peak loneration (see more in Baker et al., 2004), and outline the Pc5
gitudinal structure of global Pc5 waves may be produced bywave properties that might be significant for possible ULF
the combined action of the magnetosphere buffeting by magwave energization. The spatial structure of Pc5 waves during
netosheath ULF turbulence and the KHI. Westward propa-the recovery phases of strong magnetic storms is important
gating Pc5 waveguide mode is stimulated originally in the not only for the identification of possible physical mecha-
afternoon sector, and then is amplified upon its interactionnisms, but as an important parameter of the ULF driver of
with the fast SW flow in the morning sector. relativistic electrons.

Traditionally it was assumed that the KHI of the inter-  The relativistic electron events are not merely a curiosity
face between the SW flow and the magnetosphere is théor scientists, but they can have disruptive consequences for
main generator of large-scale Pc5 pulsations. In the eventgeosynchronous spacecraft (Pilipenko et al., 2001). While
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it has been known that there is a general association beelectrons impossible. Therefore, the possibility of electron
tween geomagnetic storms and electron enhancements, thenergization up to relativistic energies by ULF waves during
wide variability of the observed response and the puzzlingthe Halloween storm is questionable.

time delay (~1-2 days) between storm main phase and
the peak of the response has frustrated the identification of
responsible mechanisms and controlling parameters. Sincg
the SW does not d'r?qu contaqt the electrons " quesﬂonThe well-established notion of Pc5 pulsation mechanisms
some magnetospheric intermediary must more directly pro-

vide the energy to the electrons. The observations of Kanekal challenged by global Pc5 pulsations during the recovery

et al. (1999) showed that the enhancements in electron eneP—hase of strong magnetic storms. Very intense wave activity

gies (beyond levels expected from conserving adiabatic in_substantlally intensifies at the morning and post-noon flanks

. . . s of the magnetosphere (about an order of magnitude larger

variants) at geosynchronous orbit occur rapidly within a few . : . o
. than typical Pc5 pulsations). While the latitudinal structure

hours at the onset of a magnetic storm, and then a slower . —

L ) of Pc5 waves at the morning flank was latitudinally narrow,

additional acceleration occurs, so that peak fluxes are of- .

. the post-noon Pc5 waves were observed throughout a wide

ten seen only after a number of days. This led to proposals .

region from~ 50° to ~ 70°.

for the_z latter e_ngrglzanon mech_amsm based on ’resona_mt in-"\e suggest that the high-speed SW flow around the mag-
teraction of drifting electrons with coherent Alfvén oscilla- . .
netosphere may result in the formation of a meta-stable sys-

tions (sge review _by Shprits et al., 2008). The acceleratloi}em: a MHD waveguide with a super-reflecting boundary.
mechanisms require seed electrons of a few hundred ke

which are supplied by substorms and subsequently energize%pontaneous growth of thermal fluctuations in such a system

o N cannot be realized, because long-growing disturbances are
by Pc5 waves as a magnetospheric “geosynchrotron”. There . . o

g, ; h . convected into the magnetotail. The excitation of the mag-
has been much statistical evidence in favor of the idea for

o .. _~netospheric waveguide mode is triggered by a burst of SW
a ULF wave contribution to the later, slower energization densitv. The possibility of a Pc5-band waveauide mode in
of electrons (O’Brien et al., 2001; Mathie and Mann, 2001; Y- P y 9

Potapov and Polyushkina, 2010). These studies showed th%compressed magnetosphere is favored by the intrusion of

. : eavy cold ions. The “equatorial enhancement” can be seen
long-duration elevated Pc5 wave power during the recovery, : o .
o from latitudes~ 50° equatorward, which is possibly caused
phase appeared to discriminate better than any geomagnetic

indices between those storms that do and do not produce re i ULF wave energy transmlsspn as qcompressmnal waveg-
uide mode towards the equatorial region.

ativistic electrons (Romanova and Pilipenko, 2008; Potapov Anv adequate models of the relativistic electrons dvnam-
et al., 2012), whereas main phase intensity did not appear to Y q y

: o -~ 'Ics should incorporate realistic information about the ULF
be an important indicator of subsequent electron behavior. wave characteristics during maanetic storms. The Pc5 dv-
During the 2003 Halloween storm, the radiation belts were 9 9 ' Y

strongly distorted: even the slot region (2. < 3) was ob- namics during stro_ng magnetic ;torms has the same tendency
. . of equatorward shift coherent with auroral electrojet and rel-
served to be filled following storm onset (Baker et al., 2004). .. ~." " )
i : . . /"ativistic electron fluxes, and can penetrate deep into the mag-
Starting with the first shock on 28 October, the relativistic . . - o
. .. netosphere, in the region of relativistic electron energization.
(2—6 MeV) electron flux increased across the outer rad'atlor\—mwever the observed westward propagation of alobal PC5
zone (L > 4) by ~ 2 orders of magnitude in 24 h (Shprits ' propag 9

et al., 2006). The shift of the enhanced relativistic electron’ aves during morning and afternoon hours makes the pos-

X . . sibility of their resonance with eastward drifting relativistic
fluxes to lower latitudes during strong magnetic storms corre- .

- electrons questionable.
sponds to a general contraction of the magnetosphere, wheh

even the equatorial border of the auroral oval moves to lower

latitudes (e.g., Stepanova et al., 2008). Therefore, reSPonskcknowledgementhe acknowledge the IMAGE data from the
ble energization mechanisms are to operate at lower latitudesinnish Meteorological Institute, CARISMA data from University
The above consideration has demonstrated that Pc5 activityf Alberta, SAMNET data from Lancaster University, and INTER-
during the 2003 Halloween storm indeed extended deep intdIAGNET data. This study is supported by grants from MEC-
the magnetospherd. (~ 3) and could be responsible for the CONICYT 801-120-016 (J. Marin, V. Pilipenko), Russian Fund
electron energization. The rate of radial resonant diffusion byfor Basic Research 13-05-90436 (O. Kozyreva), and National Sci-
intense Pc5 waves in the slot region was estimated to occufnce Foundation ATM-0827903 (M. Engebretson). We appreciate
over a timescale- 1 day (Loto’aniu et al., 2006). the thor_ough reviewing of our manuscript by both_referees.
However, the comparison of wave signatures from longi- ;Op'challEqnor Li B"?mbir.g thanks P. Nenovski and A. Potapov
tudinally separated ground magnetometers has shown tha?rt eirhelp In evaluating this paper.
global Pc5 waves propagate westward both during morn-
ing and afternoon hours, though with somewhat different
phase velocities. Such wave propagation pattern makes the
drift resonancew = mwy, With eastward drifting energetic

Conclusions

www.ann-geophys.net/32/319/2014/ Ann. Geophys., 32, 3391 2014



330 J. Marin et al.: Global Pc5 pulsations during strong magnetic storms

References Mathie, R. A. and Mann, |. R.: On the solar wind control of Pc5
ULF pulsation power at mid-latitudes: Implications for MeV

Baker, D. N., Kanekal, S. G., Li, X., Monk, S. P., Goldstein, J., and  electron acceleration in the outer radiation belt, J. Geophys. Res.,
Burch, J. L.: An extreme distortion of the Van Allen belt arising 106, 29783-29796, 2001.
from the “Halloween” solar storm in 2003, Nature, 432, 878— Mazur, V. A. and Chuiko, D. A.: Influence of the outer-
881, 2004. magnetospheric MHD waveguide on the reflection of hydro-

Elkington, S. R., Hudson, M. K., and Chan, A. A.: Acceleration of  magnetic waves from a shear flow at the magnetopause, Plasma
relativistic electrons via drift-resonant interaction with toroidal-  Physics Reports, 39, 959-975, 2013.
mode Pc5 ULF oscillations, Geophys. Res. Lett., 26, 3273-3276Nenovski, P., Villante, U., Francia, P., Vellante, M., and Bocheyv,
1999. A.: Do we need a surface wave approach to the magnetospheric

Engebretson, M. J., Glassmeier, K.-H., Stellmacher, M., and resonances?, Planet. Space Sci., 55, 680-693, 2007.

Hughes, W. J.: The dependence of high-latitude Pc5 wave poweO’Brien, T. P., McPherron, R. L., Sornette, D., Reeves, G. D.,
on solar wind velocity and on the phase of high-speed solar wind  Friedel, R., and Singer, H. J.: Which magnetic storms produce
streams, J. Geophys. Res., 103, 26271-26283, 1998. relativistic electrons at geosynchronous orbit?, J. Geophys. Res.,

Fraser, B. J., Horwitz, J. L., Slavin, J. A., Dent, Z. C., and Mann, 106, 15533—-15544, 2001.

I. R.: Heavy ion mass loading of the geomagnetic field near thePahud, D. M., Rae, I. J., Mann, I. R., Murphy, K. R., and Amal-
plasmapause and ULF wave implications, Geophys. Res. Lett., raj, V.: Ground-based Pc5 ULF wave power: Solar wind speed
32,1L04102, doil0.1029/2004GL021312005. and MLT dependence, J. Atmos. Sol.-Terr. Phys., 71, 1082-1092,

Kanekal, S. G., Baker, D. N., Blake, J. B., Klecker, B., Mewaldt, 2009.

R. A., and Mason, G. M.: Magnetospheric response to mag-Pilipenko, V. A.: ULF waves on the ground and in space, J. Atmos.
netic cloud (CME) events: Relativistic electron observations  Terr. Phys., 52, 1193-1209, 1990.

from SAMPEX and Polar, J. Geophys. Res., 104, 24885-24894Ppilipenko, V., Watermann, J., Popov, V., and Papitashvili, V.: Rela-
doi:10.1029/1999JA900239999. tionship between auroral electrojet and Pc5 ULF waves, J. At-

Kepko, L., Spence, H. E., and Singer, H. J.: ULF waves in the so- mos. Sol.-Terr. Phys., 63, 1545-1557, 2001.
lar wind as direct drivers of magnetospherc pulsations, GeophysPilipenko, V., Kozyreva, O., Belakhovsky, V., Engebretson, M. J.,
Res. Lett., 29, 1197, ddi0.1029/2001GL014402002. and Samsonov, S.: Generation of magnetic and particle Pc5 pul-

Kessel, R. L., Mann, I. R., Fung, S. F, Milling, D. K., and  sations at the recovery phase of strong magnetic storms, Proc.
O’Connell, N.: Correlation of Pc5 wave power inside and outside  Roy. Soc. A, 466, 3363-3390, db@.1098/rspa.2010.0079
themagnetosphere during high speed streams, Ann. Geophys., 2010.

22, 629-641, doi0.5194/angeo0-22-629-2002004. Potapov, A. S.: ULF wave activity in high-speed streams of the solar

Kivelson, M. G. and Pu, Z. Y.: The Kelvin-Helmholtz instability on wind: Impact on the magnetosphere, J. Geophys. Res. 118, 6465—
the magnetopause, Planet. Space Sci., 32, 133-1341, 1984. 6477, doi10.1002/2013JA019112013.

Kleimenova, N. G. and Kozyreva, O. V.. Spatial-temporal dynam- Potapov, A. S. and Polyushkina, T. N.: Experimental evidence for
ics of Pi3 and Pc5 geomagnetic pulsations during the extreme direct penetration of ULF waves from the solar wind and their
magnetic storms in October 2003, Geomagnetism and Aeronomy possible effect on acceleration of radiation belt electrons, Geo-
(English translation), 45, 7179, 2005. magn. Aeron., 50, 950-957, 2010.

Kleimenova, N. G. and Kozyreva, O. V.. Penetration of Pc5 ge- Potapov, A. S., Guglielmi, A., Tsegmed, B., and Kultima, J.: Global
omagnetic pulsations to unusually low latitudes during the re- Pc5 event during 29-31 October 2003 magnetic storm. Adv.
covery phase of a superstrong magnetic storm of October 31, Space Res., 38, 1582-1586, 2006.

2003, Geomagnetism and Aeronomy (English translation), 49,Potapov, A. S., Tsegmed, B., and Polyushkina, T. N.: Contribution
1-5, 20009. of global Pc5 oscillations to magnetic disturbance during geo-

Kozyreva, O. V., Pilipenko, V. A., Engebretson, M. J., Yumoto, K., magnetic storms, Geomagn. Aeron., 49, 1182-1188, 2009.
Watermann, J., and Romanova, N.: In search of new ULF wavePotapov, A. S., Tsegmed, B., and Ryzhakova, L.V.: Relationship be-
index: Comparison of Pc5 power with dynamics of geostationary  tween the fluxes of relativistic electrons at geosynchronous orbit
relativistic electrons, Planet. Space Sci., 55, 755-769, 2007. and the level of ULF activity on the Earth’s surface and in the

Kurazhkovskaya, N. A. and Klain, B. I.: Effect of the solar wind  solar wind during the 23rd solar activity cycle, Cosmic Res., 50,
and IMF parameters on the formation of long-period irregular  124-140, 2012.
pulsation burst regimes, Geomagn. Aeron., 52, 456-466, 2012. Romanova, N. and Pilipenko, V.: ULF wave indices to char-

Lee, E. A., Mann, |. R., Loto’aniu, T., and Dent, Z. C.: Global Pc5  acterize the solar wind — magnetosphere interaction and rel-
pulsations observed at unusually low L during the great mag- ativistic electron dynamics, Acta Geophysica, 57, 158-170,
netic storm of 24 March 1991, J. Geophys. Res., 112, A05208, doi:10.2478/s11600-008-0064-2008.

doi:10.1029/2006JA011872007. Sakurai, T. and Tonegawa, Y.: Extreme magnetic field variations
Loto’aniu, T. M., Mann, I. R., Ozeke, L. G., Chan, A. A, Dent,  during the October 2003 superstorm, Adv. Polar Upper Atmos.
Z. C., and Milling, D. K.: Radial diffusion of relativistic elec- Res., 19, 21-41, 2005.

trons into the radiation belt slot region during the 2003 Hal- Shevyrev, N. N. and Zastenker, G. N.: Some features of the plasma
loween geomagnetic storms, J. Geophys. Res., 111, A04218, flow in the magnetosheath behind quasi-parallel and quasi-
doi:10.1029/2005JA011352006. perpendicular bow shocks, Planet. Space Sci., 53, 95-102, 2005.

Mann, I. R., Wright, A. N., Mills, K., and Nakariakov, V. M.: Ex-  Shinbori, A., Tsuji, Y., Kikuchi, T., Araki, T., and Watari, S.:
citation of magnetospheric waveguide modes by magnetosheath Magnetic latitude and local time dependence of the amplitude
flows, J. Geophys. Res., 104, 333-353, 1999.

Ann. Geophys., 32, 319331, 2014 www.ann-geophys.net/32/319/2014/


http://dx.doi.org/10.1029/2004GL021315
http://dx.doi.org/10.1029/1999JA900239
http://dx.doi.org/10.1029/2001GL014405
http://dx.doi.org/10.5194/angeo-22-629-2004
http://dx.doi.org/10.1029/2006JA011872
http://dx.doi.org/10.1029/2005JA011355
http://dx.doi.org/10.1098/rspa.2010.0079
http://dx.doi.org/10.1002/2013JA019119
http://dx.doi.org/10.2478/s11600-008-0064-4

J. Marin et al.: Global Pc5 pulsations during strong magnetic storms 331

of geomagnetic sudden commencement, J. Geophys. Res., 114yivedi, N. B., Arora, B. R., Padilha, A. L., Dacosta, J. M., Dutra, S.

A04217, doi10.1029/2008JA013872009. L. G., Chamalaun, F. H., and Rigoti, A.: Global Pc5 geomagnetic
Shprits, Y. Y., Thorne, R. M., Horne, R. B., Cartwright, M., Rus- pulsations of March 24, 1991, as observed along the American

sell, C. T., Baker, D., and Kanekal, S.: Acceleration mechanism sector, Geophys. Res. Lett., 24, 1683-1686, 1997.

responsible for the formation of the new radiation belt during the Villante, U., Francia, P., and Lepidi, S.: Pc5 geomagnetic field fluc-

2003 Halloween solar storm, Geophys. Res. Lett., 33, L05104, tuations at discrete frequencies at a low latitude station, Ann.

doi:10.1029/2005GL02425&006. Geophys., 19, 321-325, dbd.5194/angeo-19-321-2004001.
Shprits, Y. Y., Elkington, S. R., Meredith, N. P., and Subbotin, D. A.: Walker, A. D. M.: Coupling between waveguide modes and field

Review of modeling of losses and sources of relativistic electrons line resonances, J. Atmosph. Solar-Terr. Phys., 62, 799-813,

in the outer radiation belt I: Radial transport, J. Atmosph. Sol.-  2000.

Terr. Phys., 70, 1679-1693, 2008. Walker, A. D. M., Greenwald, R. A., Stuart, W. F., and Green, C.
Stepanova, M., Antonova, E. E., and Bosqued, J. M.: Radial dis- A.: Resonance region of a Pc5 micropulsation examined by a

tribution of the inner magnetosphere plasma pressure using low- dual auroral radar system, Nature, 273, 646—-649, 1978.

altitude satellite data during geomagnetic storm: The March 1-8 Wright, A. N.: Dispersion and wave coupling in inhomogeneous

1982 event, Adv. Space Res., 41, 1658-1665, 2008. MHD waveguides, J. Geophys. Res., 99, 159-167, 1994.
Takahashi, K., Ohtani, S.-l., and Anderson, B. J.: Statistical analy-Yumoto, K. and Saito, T.: Hydromagnetic wave driven by velocity

sis of Pi2 pulsation observed by the AMPTE CCE spacecraft in  shear instability in the magnetospheric boundary layer, Planet.

the inner magnetosphere, J. Geophys. Res., 100, 21929-21941, Space Sci., 28, 789-798, 1980.

1995.

www.ann-geophys.net/32/319/2014/ Ann. Geophys., 32, 3391 2014


http://dx.doi.org/10.1029/2008JA013871
http://dx.doi.org/10.1029/2005GL024256
http://dx.doi.org/10.5194/angeo-19-321-2001

